We have used second-harmonic generation as a technique to examine different types of chiral materials. All materials investigated showed large circular-difference effects in the second-harmonic response, i.e., the efficiency of the process was different for left-and right-hand circularly-polarized light. Study of various chiral materials has shown that a different quantitative and qualitative response can be expected depending on the composition and structure. In addition, we have demonstrated the existence of magnetic-dipole coniributions to the nonlinearity of those materials.
Introduction
Chiral materials have recently been introduced in the field of second-order nonlinear optics (NLO). Second-order nonlinear optics has important applications such as electro-optic modulation of light. However even-order nonlinear optical processes are forbidden in centrosymmetric systems within the electric-dipole ppimti1 Different possibilities exist to circumvent this fundamental problem. The first possibility to avoid centrosymmeiry is crystal growth.2 The problem with this method is twofold. First crystal growth is very time consuming. More importantly, the material must crystallize in a noncentrosymmetric manner. Another possibility, more frequently used, is electrode-or corona poling of spincoated NLOpolymer films. The sample is heated above its glass transition temperature and an electric field is applied to pole the sample.
The sample is then cooled below its glass transition temperature to freeze in the noncentrosymmetry. Unfortunately, poled spincoated films are not stable in time. 3 Relaxation will occur and the system will evolve back towards a centrosymmetric system. A third possibility is the use of the Langmuir-Blodgett (LB) technique.4 Molecular monolayers spread on a water surface are deposited on a substrate. This technique allows the production of noncentrosymmetric systems. Note that for achiral materials, the deposition must be of the uncommon X-or Z-types. On the other hand, Y-type deposition of an achiral material will usually result in a centrosymmetric system. The centrosymmetry requirement can be a reason to neglect other highly symmetric materials, such as isotropic media, as second-order materials. However second-order processes are allowed 2 SPIE Vol. 3147. 0277-786X/971$1O.OO by spatial symmetry in isotropic samples of chiral molecules. The structure of chiral materials is intrinsically noncentrosymmetric and isotropic samples of chiral molecules have rotational symmetry but no mirror planes. Hence, they are not centrosymmetric. Therefore, isotropic spincoated films of chiral molecules and Y-type LB-films are expected to possess a second-order NLO-response. Such films are thermodynamically stable and extremely easy to make, both necessary conditions for NLO-applications. In addition, magnetic-dipole contributions to the nonlinearity of the system can increase the second-order response of the material. 5 In this paper, we use second-harmonic generation (SHG) as a method to study chirality and NLO-properties of surfaces and thin films composed of chiral polymers.6 This technique consists of the study of the response, i.e. the intensity of the second-harmonic generated light, of the material to a varying polarization of an JR-laser beam. As we demonstrated in earlier work, the second-harmonic intensity will differ for -45 and +45° linearly-polarized light (when using a halfwave plate) and for left-and right-hand circularly-polarized light (when using a quarterwave plate). The terms used to indicate these difference effects are linear difference second-harmonic generation (LD-SHG) and circular-difference second-hannonic generation (CD-SHG), respectively.
The films we investigated are Langmuir-Blodgett films of chiral poly(isocyanide)s and poly(thiophene)s. The films are isotropic in the plane of the film but have broken symmetry in the direction of the surface normal.
In previous work, we have included magnetic-dipole contributions to the nonlinearity in order to explain CD-SHG and LD-SHG. In that case, the electric component of the second-harmonic field that is radiated by the oscillating electric and magnetic dipoles is proportional to:6 E(2co)oc[nxP(2co)]xn-nxM(2w) (1) with n the direction of observation (reflection or transmission). P(2w) and M(2o) are the nonlinear polarization and nonlinear magnetization, respectively, defmed as:7 P, (2w) = xE(w)Ek (co)+xmE (w)Bk (w) (2) M(2w)=XE(w)Ek(w) (3) E(w) and B(w) are the electric field and magnetic-induction field at the fundamental frequency. The nonlinear polarization and nonlinear magnetization are related to the components of the electric and magnetic susceptibility tensors. For the case of the usual electric-dipole susceptibility tensor Zece, two photons at frequency w are annihilated and one photon at frequency 2w is created through electric-dipole (e) interactions. For the case of tensor Xecm, one of the photons at w is annihilated 3 4 through a magnetic-dipole (m) interaction and the other two light-matter interactions have electric-dipole character. For the case of tensor Xmee the magnetic-dipole interaction occurs in the creation of the photon at 2o.
The intensity of the second-harmonic light generated by a surface can always be expressed in the general form:7 I(2c.o) 1f.EpEp +g•EE +h•EpEs2, (4) where E and Es are respectively the p-and s-polarized components of the fundamental field incident on the surface. The 
Experimental analysis of the second-harmonic response of two chiral polymers a) Poly(isocyanide)
The first material we examined and used to optimize our experimental technique was the S enantiomer of a chiral poly(isocyanide) (Fig. 1) . 10 The poly(isocyanide) can not adopt a planar structure. Each main chain carbon atom carries a side chain, connected by a C=N double bond. This causes severe steric hindrance which results in a restricted rotation around the single bonds connecting the main carbon atoms. The restricted rotation causes the backbone of the polymer to form a rigid and extended helical chain conformation, which is stable in solutions, in floating Langmuir layers, as well as in deposited Langmuir-Blodgett films. A condition for the formation of a stable helix is that the polymer is highly stereoregular or isotactic. Polymers that can maintain a stable helical structure are of great interest since they can display optical activity due solely to their main chain conformation. Furthermore, they may be used as versatile building blocks for the construction of novel chiral supramolecular architectures. The poly(isocyanide) makes very high quality LB-films: the films are very homogeneous and have an isotropic surface symmetry. Measurements on these films demonstrated strong chiral effects.
Measurements are dependent on the simultaneous presence of chirality and nonlinearity. In this material, these two features occur on different levels of the structure. The nonlinearity is localized in the chromophoric side chains, which are covalently We recorded the eight possible second-harmonic signals from an 18-layer thick film and applied the fitting procedure, described earlier. All four s-polarized second-harmonic signals could be fitted without the coefficient g (Fig. 2) and thus the individual signals did not allow us to proof the existence of the magnetic-dipole contributions. However, from the simultaneous analysis of the eight measured signals, we found that magnetic contributions to the nonlinearity of the system play an important role.8 The largest magnetic tensor components of the poly(isocyanide) were found to be -20% of that of the largest electric component.
The observed CD-effects (Fig. 2) are of the order of 50%,and are much larger than those observed in traditional circular dichroism. The observed chiral effects are probably due to the presence of the helical backbone, which again is the result of the hindered rotation around the single bonds. The premise of the simultaneous presence of chirality and nonlinearity leads to the conclusion that a coupling between the two must exist. We believe that the coupling is due to a simultaneous nonlinear excitation of the chromophore side groups by the fundamental field, which gives rise to an overall helical charge displacement in the poly(isocyanide). It is this helical charge displacement that gives rise to the nonlinear optical activity. The important conclusion for the development of future materials is that the two desired properties, chirality and nonlinearity, can occur on different levels of the molecular structure and still be coupled to give rise to the observed nonlinear chiral effects. Hence chirality and nonlinearity can be optimized separately.
b) Poly(thiophene)
The second chiral polymer investigated was a poly(thiophene): poly{3-[2-((S)-2-methylbutoxy)ethyl}thiophene}, with Mn=16900 g mol' (Fig. 3) . 11-12 Note that the chirality of the poly(thiophene) is not directly due to the chirality of the side groups. The poly(thiophene) has a special feature: it exists in two different conformations depending on the solvent. In good solvents such as CHC13, the polymer is in a random coil conformation and does not exhibit optical activity in its it-it" transition. However, in the solid state, in poor solvents, or in appropriate combinations of solvents, like CHC13-MeOH, the polymer is associated into small domains (which supposes a conformational rigidity) and the chiral side groups induce an enormous optical activity in the irir transition of the poly(thiophene). This induced optical activity can only be obtained if only one enantiomeric form is present in the side chains. This causes a preference for the backbone to form one chiral structure over the other. It is very easy to distinguish the two conformations by their color. The random coil conformation has a orange/yellow color (Lmax 512 nm), while the optically active conformation has a purple/red color = 445 nm).
The magnitude of the induced chirality is strongly dependent on the regioregularity of the synthesized polymer. This is comparable to the poly(isocyanide) where high regularity was a necessity to obtain a stable helix. The arrangement of the poly(thiophene) is maximal when the side groups of the substituted thiophenerings are always in the same direction.
Increasing the order of the polymer and thus improving the helix formation can be done by increasing the length of the side chain. Introducing a chiral centre, i.e., a branch, can lower the ordering of the polymer or increase the induced optical activity. The rotational strength of the poly(thiophene) was found to be [a] 140• 000 , which is an extremely high value. If the polymer would be synthesized as a regiorandom polymer the value would only be about 3000. Hence, the major part of the optical activity is induced by the regioregularity. Also the g-value of the polymer (ieJe) = 2x103 is very promising. These are very high values for transitions that are predominantly electric-dipole allowed, implying that the magnetic-dipole contributions are significant in the linear optical properties. The importance of the magnetic contributions to the linear properties is a strong indication that magnetic contributions could play an important role also in the nonlinear properties of the system.
We made a 10-layer thick LB-film of the poly(thiophene). The films were of good optical quality and deep purple color, which implied that the polymer was in its optical active conformation. Since the films of the poly(thiophene) are sensitive to photo oxidation, measurements had to be performed in the dark and immediately after preparation of the sample.
The signal intensity generated by the poly(thiophene) was lower than that from the poly(isocyanide). More interesting, however, was that for the case of the poly(thiophene), we found evidence of the failure of electric-dipole as a function of the rotation angle of the quarterwave plate. Fig. 4a represents the experimental data fitted with inclusion of all three parameters: f, g, and h. Fig. 4b represents the same experimental data but fitted with only the parameters f and h.
The dots represent the experimental data and the solid lines represent the fitting curve. No good fit is obtained without g.
The necessity of the g coefficient to properly fit the data clearly indicates that this coefficient can not be zero. Since g depends only on the magnetic tensor components, these tensor components must also be different from zero. In addition, our analysis indicates that the magnetic tensor component of the poly(thiophene) can be as high as 50% of the electric components.
Conclusions
We have examined the nonlinear optical and chiral properties of a poly(thiophene) and a poly(isocyanide). The most obvious difference is the greater signal intensity of the second-harmonic light generated by the poly(isocyanide) when the sample is illuminated with a laser beam. But a more thorough examination reveals also other differences in their chiral response due to their different structure. Measurements on a film of poly(isocyanide) provided only indirect evidence of magnetic contributions to the nonlinearity of the system, while all signals separately could still be explained without including magnetic contributions. To the contrary, a film of the poly(thiophene) provided us with clear and direct evidence of magnetic contributions. None of the recorded s-polarized SHG-signals could be explained when magnetic contributions were excluded. In addition, the largest magnetic tensor component of the poly(isocyanide) is -20 % of that of the largest electric component, while this can be up to 50% for the poly(thiophene).
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